Hypertension is a leading cause of cardiovascular, cerebral, and renal disease morbidity and mortality. Here we show that disruption of the Cyp 4a14 gene causes hypertension, which is, like most human hypertension, more severe in males. Male Cyp 4a14 (؊͞؊) mice show increases in plasma androgens, kidney Cyp 4a12 expression, and the formation of prohypertensive 20-hydroxyarachidonate. Castration normalizes the blood pressure of Cyp 4a14 (؊͞؊) mice and minimizes Cyp 4a12 expression and arachidonate -hydroxylation. Androgen replacement restores hypertensive phenotype, Cyp 4a12 expression, and 20-hydroxy-arachidonate formation. We conclude that the androgen-mediated regulation of Cyp 4a arachidonate monooxygenases is an important component of the renal mechanisms that control systemic blood pressures. These results provide direct evidence for a role of Cyp 4a isoforms in cardiovascular physiology, establish Cyp 4a14 (؊͞؊) mice as a monogenic model for the study of cause͞effect relationships between blood pressure, sex hormones, and P450 -hydroxylases, and suggest the human CYP 4A homologues as candidate genes for the analysis of the genetic and molecular basis of human hypertension.
T
he prevalence, complexity, and multiple medical and socioeconomic consequences of hypertension make it a major health challenge. With few exceptions, the molecular bases of the most common forms of human hypertension have yet to be defined and, despite extensive research, its early diagnosis and clinical management remain challenging and mostly symptomatic. Although environmental factors and coexisting conditions such as hyperlipidemia, diabetes, and obesity play a role in the development and progression of the disease, extensive segregation and linkage analyses indicate that multiple genetic factors contribute to its complex etiology (1) (2) (3) (4) (5) . Furthermore, gender differences in incidence and severity have suggested the involvement of sex-dependent mechanisms in the pathogenesis of human hypertension (2, (6) (7) (8) (9) , although the molecular basis of these associations remains undefined. Studies of the genetic causes of the disease have targeted several genes encoding products known to regulate systemic blood pressure, but their roles in the pathogenesis of the most prevalent forms of hypertension have yet to be demonstrated (1, 2, 5) . Thus, notwithstanding extensive efforts, the genetic bases of hypertension remain elusive, and a lack of novel candidate genes limits progress in this clinically important area of research.
A role for the CYP 4A arachidonic acid (AA) ͞-1 hydroxylases in the pathophysiology of hypertension was first suggested by J. C. McGiff and colleagues in the SHR͞WKY rat model of genetically controlled spontaneous hypertension (10) . On the basis of: (i) the in vitro ion transport and renovascular effects of 20-hydroxyarachidonic acid (20-HETE) (10) (11) (12) , (ii) biochemical and temporal correlates of CYP 4A2 expression and activity and SHR hypertension (10) (11) (12) , and (iii) inhibitor and͞or antisense nucleotide studies (10, 13, 14) , a prohypertensive role was proposed for 20-HETE, a product of CYP 4A AA-hydroxylases (10) . Soon after a role for CYP 4A2 in salt-sensitive hypertension was suggested (11) . However, despite extensive studies, direct evidence of a causal link between a genetic defect(s) in CYP 4A isoforms and hypertension is lacking, and thus these proposals have yet to find widespread acceptance. The CYP 4A gene subfamily comprises a group of evolutionarily conserved fatty acid hydroxylases (15) (16) (17) , whose expression is regulated by physiological and pathophysiological effectors such as lipids, mineralocorticoids, sex hormones, fasting, starvation, insulin, and diabetes (16) (17) (18) (19) (20) . Cyp 4a10, 4a12, and 4a14 are the murine homologues of rat CYP 4A1, 4A8, and 4A2͞4A3, respectively (15, 19) . To define the vascular roles of the Cyp 4a monooxygenases, we targeted for disruption the Cyp 4a14 gene and demonstrate that 4a14 (Ϫ͞Ϫ) mice show monogenic hypertension that is both spontaneous and androgen sensitive.
Methods
Cyp 4a14 cDNA Cloning and Expression. The Cyp 4a14 cDNA (2.5 kb), cloned from a mouse liver library (Stratagene), codes for a protein of 507 amino acids with 90% sequence identity to CYP 4A3 and 4A2 (15) . A KpnI-XhoI cDNA fragment (1.9 kb) was subcloned into the pBlueBac IV vector (Invitrogen) and expressed by using a commercial sf9͞baculovirus expression system (Invitrogen). Recombinant Cyp 4a14 was purified (15) to a specific content of 6 nmol P450͞mg of protein and judged to be Ն70% pure by SDS͞PAGE.
Genomic Cloning and Construction of a Targeting Vector. Overlapping genomic clones containing the entire Cyp 4a14 exonic sequences were cloned from a 129͞SvJ mouse genomic library (Lambda-FIX II, Stratagene) and partially sequenced. A linearized pNTK targeting vector, in which the sequences coding for the Cyp 4a14 heme-binding peptide (exons 10 and 11) were replaced with a neomycin resistance cassette, resulting in the interruption of in-frame translation at lysine 404 and the insertion of a unique HindIII reporter site for unequivocal genotype analysis ( Fig. 1) , was electroporated into cultured TL-1 129͞ SvEv Tac mouse embryonic stem cells (ES) and Cyp 4a14 recombinant ES cells identified by Southern blot analysis. A recombinant ES clone carrying a Cyp 4a14 mutant allele was isolated, expanded, and used for blastocyst implantation and the generation of germline chimeras.
Measurements of Enzyme Activity. Kidney microsomes were isolated from treated and nontreated Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice (21), suspended (1-2 mg of protein͞ml) in 0.05 M Tris⅐Cl (pH 7.4) containing 0.15 M KCl and 10 mM MgCl 2 , and incubated with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]AA or lauric acid (100 M, 5 Ci͞mol each) and NADPH (1 mM) at 35°C. Reaction products were resolved and quantified as described (21) . For antibody inhibition, microsomes were incubated (30 min at 22°C) with rabbit anti-CYP 4A2 or nonimmune serum (0.1-1 mg of protein͞ml) before enzymatic analysis. Recombinant Cyp 4a14 (0.1-1 M) was incubated with [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-labeled AA or lauric acid in the presence of purified P450 reductase, cytochrome b 5 , dilauroylphosphatidylcholine, and NADPH (1 mM), as described (15, 21) . Urine collections (8-12 h) were incubated at 35°C for 2-3 h with ␤-glucoronidase (22) (Sigma) (1 mg͞ml) and, after purification, the levels of 19-and 20-HETE were quantified by mass spectroscopy (22) .
Vascular Physiology Measurements.
The arterial blood pressures of conscious 12-to 14-week-old mice were measured by means of a right carotid artery catheter (300-500 m OD). After surgery (24-48 h), animals were allowed to become familiar with the environment and, after stabilization, their arterial blood pressures were monitored continuously for at least 30 min by using a pressure transducer. Technical limitations impeded the accurate measurement of blood pressures in animals younger than 8 weeks. For measurements of afferent arteriolar diameter, male kidneys were perfused in vitro with a physiological salt solution supplemented with a mixture of L-amino acids (23) , and the juxtamedullary vasculature was monitored continuously by videomicroscopy, as described (23) . The relationship between afferent arteriolar diameter and perfusion pressure was determined at 80, 120, and 160 mm Hg. Perfusion pressure changes were followed by a 3-min equilibration before steady-state diameter measurements (23) .
Results and Discussion
Disruption of the Cyp 4a14 Gene Causes Spontaneous Hypertension.
Murine germline chimeras carrying a Cyp 4a14 mutant allele were generated as shown in Fig. 1 . By mating to wild-type 129͞SvJ mice and genetic selection, we generated isogenic homozygous Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice [from the progeny of an F2 (ϩ͞Ϫ) ϫ (ϩ͞Ϫ) cross]. Initial genotype analysis indicated normal offspring patterns after (ϩ͞Ϫ) ϫ (ϩ͞Ϫ) crossings. Male and female 4a14 (Ϫ͞Ϫ) mice developed normally and lacked outward symptoms of disease or organ malformation.
Measurements of systemic blood pressure in sexually mature male 4a14 (Ϫ͞Ϫ) (ϩ͞Ϫ) and (ϩ͞ϩ) mice provided decisive evidence of a physiological role for murine 4a P450s in blood pressure control ( Fig. 2A) . Compared with wild type, Cyp 4a14 (Ϫ͞Ϫ) mice show significant increases in their mean (MABP), systolic, and diastolic arterial blood pressures (Fig. 2 A) , whereas 4a14 (ϩ͞Ϫ) animals show intermediate values (Fig. 2 A) . The 4a14 (Ϫ͞Ϫ) hypertensive phenotype is spontaneous, i.e., does not require experimental manipulations, and is insensitive to dietary salt [i.e., feeding salt diets containing either 3.0 or 0.03% NaCl (wt͞wt) for 4-6 weeks had only minor effects on systemic blood pressure]. Furthermore, 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice showed similar plasma levels of Na ϩ , K ϩ , and aldosterone (not shown).
Hypertension in Cyp 4a14 (؊͞؊) Mice Is Sexually Dimorphic.
A large subset of human hypertension is sexually dimorphic, i.e., more severe in males than in females, differences that are minimized after menopause (2, (6) (7) (8) (9) 24) . Sexual dimorphism is also observed in the hypertensive phenotype of 4a14 (Ϫ͞Ϫ) mice. Blood pressures in female 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice are lower than those of age-matched males, and their pressure differentials are not as pronounced (Fig. 2B ). Of interest, disruption of the Cyp 4a14 gene brings the MABPs of knockout females to levels comparable to that of wild-type males [MABPs of 115 Ϯ 2 and 110 Ϯ 4 for Cyp 4a14 (Ϫ͞Ϫ) females and (ϩ͞ϩ) males, respectively; n ϭ Ն20; P ϭ 0.3) (Fig. 2) ]. A similar sexual dimorphism has been observed in SHR rats, an extensively characterized polygenic model of hypertension (24) (25) (26) (27) .
These gender differences suggested a role for androgens in the Cyp 4a14 (Ϫ͞Ϫ) phenotype and led us to analyze their plasma levels and role in blood pressure regulation. As shown in Table  1 , Cyp 4a14 (Ϫ͞Ϫ) males have plasma testosterone (TST) and 5 ␣ -dihydrotestosterone (DHT) levels twice as high as those of (ϩ͞ϩ) mice, demonstrating a role for products of this gene in androgen regulation and the existence of a hitherto unrecognized regulatory loop between the fatty acid hydroxylase and mechanisms that control androgen biosynthesis, metabolism, or degradation. Importantly, neither recombinant Cyp 4a14 nor rat CYPs 4A1 or 4A2 catalyzed TST oxidation (not shown), nor was the metabolism of TST by liver microsomes affected by the disruption of the 4a14 gene. Male-specific expression of rat and mouse kidney 4A isoforms and their androgen-dependent regulation have been reported (18, 19) .
Hypertension in Cyp 4a14 (؊͞؊) Mice Is Androgen-Sensitive.
To examine the role of androgens in the Cyp 4a14 (Ϫ͞Ϫ) hypertensive phenotype, we castrated 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice and implanted them with either placebo or TST-releasing pellets. Castration markedly reduced the plasma concentrations of DHT and TST in Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice (Table 1) and normalized the blood pressures of hypertensive 4a14 (Ϫ͞Ϫ) mice (Fig. 3A) . On the other hand, castration had a minor effect on the blood pressures of 4a14 (ϩ͞ϩ) mice (Fig. 3A) , suggesting that plasma androgen levels must reach a threshold before significant changes in blood pressure can be observed. The administration of DHT or TST to castrated 4a14 (Ϫ͞Ϫ) mice raised the plasma levels of these androgens (Table 1 ) (1.8 Ϯ 0.04 ng TST͞ml; n ϭ 7) and restored the hypertensive phenotype of castrated 4a14 (Ϫ͞Ϫ) mice (Fig. 3B) . These androgen-mediated pressure effects were gender and Cyp 4a14 genotype independent, because the administration of DHT also raised the blood pressures of: (i) control and castrated Cyp 4a14 (ϩ͞ϩ) mice (MABPs of 140 Ϯ 5 and 137 Ϯ 4 mm of Hg for control and castrated mice, respectively; n ϭ 10) (P Յ 0.001 and Յ0.0004 for DHT treated vs. nontreated mice, and for castrated and DHTtreated vs. castrated mice, respectively), and (ii) female 4a14 (ϩ͞ϩ) or (Ϫ͞Ϫ) mice (MABPs of 133 Ϯ 4 and 132 Ϯ 4 mm of Hg for (Ϫ͞Ϫ) and (ϩ͞ϩ) female mice, respectively; n Ն 9) [P Ͻ 0.0003 and 0.0006 for DHT-treated (Ϫ͞Ϫ) and (ϩ͞ϩ) mice vs. the respective untreated controls]. Hence, the blood pressures of male and female mice are androgen-sensitive, and male Cyp 4a14 (Ϫ͞Ϫ) hypertension is associated with increases in plasma androgens caused by Cyp 4a14 gene-dependent perturbations in the mechanisms that control the circulating levels of these hormones. A similar androgen sensitivity has been reported in SHR rats (25) (26) (27) (28) . Castration reduces the MABP of male hypertensive SHR rats by 30 to 40 mm of Hg (26) (27) (28) (29) and, as with 4a14 (Ϫ͞Ϫ) mice, the normotensive effects of castration are reversed by TST replacement (25) (26) (27) . Furthermore, androgen administration equalizes the MABP of hypertensive male and female SHR rats (26, 28) . The similarities between a component of the hypertensive phenotypes of SHR rats and of P450 4a14 knockout mice support the proposal that P450 4A isoforms contribute to the full development of high blood pressure in adult SHR rats (10) .
The Expression and Activities of the Kidney Cyp 4a AA Monooxygenases Are Androgen-Sensitive. To determine whether the Cyp 4a14 (Ϫ͞Ϫ) hypertension was linked to androgen-mediated changes Fourteen-week-old male Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice were castrated and, 10 days later, implanted with either placebo (CST͞PL) or DHT (CST͞DHT)-releasing pellets (21-day pellets, 5 mg DHT͞day; Innovative Research of America, Sarasota, FL). Ten days after implantation, plasma samples were analyzed for TST and DHT levels by RIA using commercially available kits. Values (in nanograms͞milliliters of plasma) are the mean Ϯ SE of at least 31 different animals for control Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice and of at least 10 different animals for the rest. Significantly different from control wild type: *P Յ 0.0009 and P Յ 0.005 for DHT and TST, respectively. Significantly different from control wild-type and knockout mice, respectively: **P Յ 2 ϫ 10 Ϫ4 and P Յ 1 ϫ 10 Ϫ3 for castrated DHT-treated (ϩ͞ϩ) and (Ϫ͞Ϫ) mice. † , below assay detection limit. in renal AA metabolism and 20-HETE formation, we characterized microsomal 20-HETE biosynthesis and Cyp 4a expression in the kidneys of control, castrated, and castrated and androgen-treated mice. Significantly, purified recombinant Cyp 4a14 did not metabolize AA even in the presence of cytochrome b 5 , excess P450 reductase, GSH, EDTA, and͞or sodium cholate (15, 30, 31) . The enzyme does, however, catalyze lauric acid oxidation (4.0 Ϯ 0.8 nmol product͞min͞nmol of P450). Thus, Cyp 4a14 is the closest murine 4a family member to rat CYP 4A2, even though it does not metabolize AA. Compared with normotensive Cyp 4a14 (ϩ͞ϩ) controls, kidney microsomes from sexually mature hypertensive 4a14 (Ϫ͞Ϫ) male mice metabolize AA to 20-HETE at significantly higher rates (Table 2 ). In contrast, 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) females show nearly undetectable renal AA monooxygenase activities (Table 2) . Despite these enzymatic differences, mass spectroscopic quantification of urinary 20-HETE (22) showed its concentrations to be low and similar for the 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) genotypes (0.18 Ϯ 0.04 and 0.24 Ϯ 0.01 ng͞ml of urine for wild-type and knockout mice), indicating that, as with most P450 eicosanoids, the urinary levels of 20-HETE may be controlled by degradation and͞or metabolism, as opposed to biosynthetic capacity (10) (11) (12) 22) .
Northern analysis of kidney Cyp 4a isoform expression showed that: (i) Cyp 4a10 is the predominant 4a isoform expressed in the kidneys of wild-type adult males, followed by Cyp 4a12 and low levels of Cyp 4a14 transcripts (Fig. 4) . In males, the expression of kidney Cyp 4a14 is variable, age-dependent, and minimized on reaching sexual maturity (not shown). (ii) The female kidney expresses Cyp 4a10 and 4a14 and, as reported (19) , lacks detectable Cyp 4a12 transcripts (Fig. 4) . (iii) Disruption of the 4a14 gene had little effect on Cyp 4a10 or 4a12 expression by the female kidney (Fig. 4) but causes male-specific up-regulation of the Cyp 4a12 gene and down-regulation of the Cyp 4a10 gene (Fig. 4) . Castration drastically decreased renal AA metabolism (Table 2) , reduced kidney Cyp 4a12 expression to undetectable levels (Fig. 4) , and up-regulated Cyp 4a10 and 4a14 expression (Fig. 4) . On the basis of the relative levels of Cyp 4a transcripts and AA monooxygenase activity, kidneys from castrated normotensive 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) males are similar to those of their corresponding female counterparts (Table 2 and Fig. 4) .
Androgen administration to castrated male or female mice minimized Cyp 4a10 and 4a14 expression (Fig. 4) and increased, in a Cyp 4a14 genotype-independent fashion, the kidney expression of Cyp 4a12 and the metabolism of AA to 20-HETE (Fig. 4 and Table 2 ), indicating that Cyp 4a12 is the isoform responsible for 20-HETE formation. Consistent with this interpretation, an antibody raised against the rat homologue of Cyp 4a14 (CYP 4A2) blocked Ͼ90% of the kidney microsomal AA -hydroxylase of DHT-treated male or female mice (not shown). The metabolic and regulatory changes shown in Table 2 and Fig. 4 document an androgen-dependent regulation of renal prohypertensive 20-HETE biosynthesis (10, Fourteen-week-old castrated male and female Cyp 4a14 (ϩ͞ϩ) and (Ϫ͞Ϫ) mice were implanted with either placebo (CST͞PL) or DHT-releasing pellets (CST͞DHT) ( Table 1) . Ten days later, kidney microsomes were incubated with AA, as described in Methods. Rates, in picomoles of product formed per minute per milligram of microsomal protein, were calculated from the corresponding time courses of product formation. Values are averages Ϯ SE calculated from at least six (males) or three (females) different experiments. Significantly different from control wild type: *, P Յ 1 ϫ 10 Ϫ4 and P Յ 5 ϫ 10 Ϫ4 for total AA metabolism and 20-HETE formation, respectively. Significantly different from control wild-type and knockout mice, respectively: **, P Յ 7 ϫ 10 Ϫ4 and P Յ 9 ϫ 10 Ϫ4 for castrated DHT-treated (ϩ͞ϩ) and (Ϫ͞Ϫ) mice.
† Total reaction rates below detection limits. were fractionated by agar electrophoresis, transferred to nitrocellulose membranes, and hybridized to 32 P-labeled DNA probes (400 -500 bp) coding for segments of the 3Ј-untranslated end of the Cyp 4a10, 4a12, and 4a14 cDNAs. After high-stringency washes, the membranes were exposed to x-ray films for 4, 2, or 21 h for male Cyp 4a10, 4a12, and 4a14, respectively, and 6, 21, or 12 h for female Cyp 4a10, 4a12, and 4a14, respectively. RNA loadings were normalized by using a ␤-actin cDNA probe. Animal treatment protocols were as in Fig. 2 and Table 2 . Long exposures revealed the presence of Cyp 4a14 reactive transcripts in 4a14 (Ϫ͞Ϫ) mice kidneys (for example, lanes A-C).
Reverse transcription-PCR amplification, cDNA cloning, and sequence analysis demonstrated that these were truncated mRNAs lacking exons ϫ and XI, transcribed from the disrupted Cyp 4a14 gene. Bottom frame: Dehydrated paraffin sections from the kidneys of control (A and AЈ), castrated (B and BЈ) and DHT-treated castrated male mice (C and CЈ) were hybridized to [ 35 S]-labeled riboprobes encoding 3Ј-end untranslated segments of the Cyp 4a12 cDNA. After washing, RNase A treatment, and dehydration, the sections were dipped in emulsion (IlfordK5; Knutsford, Cheshire, U.K.), exposed for 4 -5 days at 4°C, and developed by using D-19 (Kodak). Slides were counterstained with hematoxylin. Photomicrographs were obtained by using either dark-field (3ϫ) (A-C) or bright-field (100ϫ) (AЈ, BЈ, and CЈ) optics. Thick ascending limbs, collecting ducts, glomeruli, and vessels (v) are indicated by arrows t, c, g, and v, respectively. Tables 1 and 2 and Fig. 4 clearly indicate that, whereas androgen administration induces Cyp 4a12-associated hypertension in females, the modest hypertension in the female 4a14 (Ϫ͞Ϫ) mouse is androgen-and Cyp 4a12-independent. The molecular basis of Cyp 4a14 (Ϫ͞Ϫ) female mice hypertension is unknown but presumably results from factors similar to those responsible for lower blood pressures in hypertensive premenopausal women (8, 9, 24) . Synthetic 20-HETE is a powerful renal vasoconstrictor (10, 11, 23, 32) , and its documented role in the regulation of glomerular afferent arteriole tone serves as the basis for its proposed prohypertensive roles (10, 11, 23, 32) . In situ hybridization of kidney sections from Cyp 4a14 (Ϫ͞Ϫ) mice by using Cyp 4a12 riboprobes demonstrated that hypertensive control and DHT-treated castrated 4a14 (Ϫ͞Ϫ) mice show abundant and selective expression of 4a12 transcripts in the renal cortex (Bottom frame, Fig. 4 A and C) . In contrast, only background levels of Cyp 4a12 gene expression are seen in castrated normotensive Cyp 4a14 (Ϫ͞Ϫ) animals (Bottom frame, Figs. 4B and BЈ, and 5). As shown by increased silver grain density (Fig. 4) , expression of the Cyp 4a12 gene in hypertensive control and DHT-treated castrated 4a14 (Ϫ͞Ϫ) mice is mostly restricted to the proximal tubule (Bottom frame, Fig. 4 AЈ and CЈ), whereas thick ascending limbs, collecting ducts, and glomeruli show background expression. The abundance of Cyp 4a12 transcripts in close proximity to the glomeruli microcirculation (Bottom frame, Fig. 4 A and C) shows that 20-HETE biosynthesis is localized in close proximity to the afferent arterioles, a paracrine target for its proposed prohypertensive activity (23, 32, 33) .
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Increased Renal Vascular Resistance in Cyp 4a14 (؊͞؊) Mice. The involvement of an altered renal microvasculature in experimental and human hypertension is well documented (34) . Furthermore, elevation in preglomerular vascular resistance may be the determining factor in the decline of renal sodium and water excretion at normotensive pressures and may account for the impaired autoregulatory efficiency frequently observed in chronic hypertension (34) . At a perfusion pressure of 80 mm Hg, the kidneys of male Cyp 4a14 (Ϫ͞Ϫ) mice showed a decreased preglomerular vascular diameter [afferent arteriolar diameter: 19 Ϯ 0.5 m and 17 Ϯ 0.4 m for Cyp 4a14 (ϩ͞ϩ) and 4a14 (Ϫ͞Ϫ) mice, respectively; P Յ 0.05; n Ն 5 animals, 10 vessels]. This increase in afferent arteriolar resistance may compromise the excretory ability of the Cyp 4a14 (Ϫ͞Ϫ) kidney and may be responsible for the animal's hypertensive phenotype. As reported for the SHR rat (34), Cyp 4a14 (Ϫ͞Ϫ) males show reduced microvascular autoregulatory efficiency. Thus, whereas in Cyp 4a14 (ϩ͞ϩ) mice the afferent arteriolar diameter decreased by 8% when renal perfusion pressure was raised from 80 to 160 mm Hg, under identical conditions, it increased by 7% in Cyp 4a14 (Ϫ͞Ϫ) mice (Fig. 5) . Similarly, it has been shown that inhibitors of 20-HETE formation also attenuate the pressure response of rat afferent arterioles (23) . These results support the concept that increased renal vascular resistance and impaired autoregulatory capacity contribute to the development of hypertension in 4a14 (Ϫ͞Ϫ) mice and that these changes are associated with an increased biosynthesis of vasoconstrictor 20-HETE (10, 11, 34) .
In summary, the lack of a functional kidney Cyp 4a14 causes several interrelated metabolic and regulatory effects whose functional manifestations are increased renal vascular resistance, impaired renal hemodynamics, and hypertension. These include increases in: (i) plasma androgens, (ii) Cyp 4a12 gene expression, and (iii) formation of prohypertensive 20-HETE. We postulate that catalytic turnover by Cyp 4a14 generates a yet-to-be-characterized mediator that modulates the levels of circulating androgens. Increased plasma androgen levels induce Cyp 4a12 gene expression and cause attendant increases in proximal tubule 20-HETE biosynthesis, release, and diffusion into the nearby microcirculation. Systemic hypertension results from alterations in nephron hemodynamics, including afferent arteriole autoregulation and renal blood f low (10, 11, 23, 32) , caused by increased levels of 20-HETE (10, 11, 32) . This interpretation is in agreement with the known renal effects of this eicosanoid (10 -12) and provides a molecular͞ enzymatic description of the relationships between Cyp 4a14 gene function, the regulation of circulating androgens, and renal AA metabolism. These relationships, as well as the Cyp 4a14 (Ϫ͞Ϫ) hypertensive phenotype, suggest new experimental paradigms for future studies of gender differences in human hypertension and the reported prohypertensive effects of male sex hormones (6 -9, 24) .
A variety of etiologies and the coexistence of additional pathological conditions complicate the study of the molecular basis of human hypertension. Except for a few rare monogenic disorders (1, 2), pathological changes in the regulation of systemic blood pressures are the combined result of abnormalities involving several genes (1, 2, 5). Studies based on functional or pharmacological effects, the characterization of human defective genes, or genetic studies in rat or mouse have identified Ϸ60 gene products that might contribute to increases or decreases in systemic blood pressure (2) . Among these, many of the obvious candidates genes now have been either disrupted and͞or overexpressed in mice and, with a few exceptions, their roles confirmed (2) . However, their relevance to the pathophysiology of the most prevalent forms of human hypertension remains to be fully established. On the other hand, by focusing on the Cyp 4a14 AA ͞-1 hydroxylases, the phenotypic analysis of Cyp 4a14 (Ϫ͞Ϫ) mice demonstrates the crucial role played by Cyp 4a isoforms in renovascular and body physiology and provides a conceptually different and innovative approach to the study of blood pressure regulation.
Finally, the severity and monogenic nature of the Cyp 4a14 (Ϫ͞Ϫ) hypertensive phenotype provide an excellent model to characterize the roles of these factors in the initiation and progress of the disease and make human CYP 4As attractive candidate genes for the study of the molecular basis of hypertension. Importantly, CYP 4A11, the only human 4A isoform so far characterized, is a renal AA ͞-1 hydroxylase (29, 31, 35) with a 75% amino acid sequence identity to Cyp 4a12, its closest murine homologue. Inasmuch as epidemiological data suggest associations between gender, sex hormones, and the pathophysiology of human hypertension (1, 2, (6) (7) (8) (9) , these studies may have important clinical implications. It is now widely accepted that the identification and characterization of genes involved in the pathogenesis of hypertension may advance our understanding of the disease and its causes but, more importantly, may lead to the development of novel and rational targets for diagnosis and clinical intervention.
